Concurrent nitrification and denitrification (CND) are natural phenomena in the soil environment that can be applied in wastewater treatment for enhanced total nitrogen removal. However, significant renovation is necessary for existing plants to equip them for nutrient removal. At a domestic wastewater treatment plant, we performed a pilot test by installing bioplates with entrapped biomass in a conventional aeration basin for CND, and investigated the effects of bioplate packing ratio (PR), hydraulic retention time (HRT), dissolved oxygen (DO) level, on/off aeration mode, and supplemental carbon and alkalinity on nitrogen removal. With the pilot aeration basin of 1.3 m 3 loaded with mixed liquor suspended solids of 1,500-2,500 mg/L and bioplates at PR of 3.2% (3.2% basin volume) operated at HRT of 6 h and DO of 4-6 mg/L without supplemental carbon or alkalinity, nitrogen in the wastewater was removed to an effluent total nitrogen (TN) of 7.3 mg/L from an influent TN of 28 mg/L, achieving a specific TN removal of 25 g TN/m 2 /d. The bioplate, consisting of modular, robust cellulose triacetate structure carrying the biomass, shows promise in retrofitting conventional aeration basins for enhanced nutrient removal. ABBREVIATIONS CAG Calcium alginate gel CND Concurrent nitrification and denitrification COD Chemical oxygen demand (mg/L) DO Dissolved oxygen (mg/L) EMMC Entrapped mixed microbial cell HRT Hydraulic retention time (h) MLSS Mixed liquor suspended solids (mg/L) NH 3 -N Ammonia nitrogen (mg/L) NO 3 -N Nitrate nitrogen (mg/L) NO 2 -N Nitrite nitrogen (mg/L) PR Packing ratio SCOD Soluble chemical oxygen demand (mg/L) SND Simultaneous nitrification/denitrification TKN Total Kjeldahl nitrogen (mg/L) TN Total nitrogen (mg/L) WWTP Wastewater treatment plant 157
INTRODUCTION
Engineers employ bacteria to treat human and industrial wastes to preserve environmental quality and ecosystems.
Activated sludge in aeration basins of wastewater treatment plants is one example of bacteria treating organic wastes. In an aerobic environment with sufficient organic carbon, heterotrophic bacteria predominate over slow-growing autotrophic micro-organisms, including nitrifying bacteria that oxidize ammonia to nitrite and nitrate. Maintaining the desired biomass in a continuous-flow reactor can be challenging when the desired bacteria's half-life is longer than the hydraulic retention time (HRT), which would result in washing out of the bacteria and thus a shortage of desirable bacteria for waste degradation in the reactor. Recirculation aside, keeping the desirable bacteria in the flow reactor from being washed out may involve naturally attached biofilm and artificially immobilized biomass (as in bioplates or biocarriers). Ng et al. () reported that biocarriers entrapping high concentrations of initial biomass resulted in less washout than the conventional activated sludge process. In addition, submerged membrane systems offer alternatives to retain biomass in the treatment system, enabling the desirable slow-growing bacteria to be cultivated under specific environments and keeping them from being washed out (Ng et al. ) . These two techniques have been studied for two decades (Focht & Chang ; Pajak & Loehr ) . Bacteria naturally attach to the disk surface of a rotating biological contactor and to the media surface of a trickling filter; both involve naturally attached biofilm.
During operation, the attached biofilm grows to a certain thickness and sloughs off from the media. However, artificial immobilization techniques entrap or encapsulate the selected bacteria in a structural support, allowing the microbes to carry out desirable functions. Other artificial immobilization techniques include adsorption, crosslinkage, and embedment. As the microbes are immobilized, they do not slough off as the naturally attached biofilm does.
Immobilized biomass offers advantages over suspended activated sludge systems and naturally attached biofilms.
With immobilization, a pure culture can be created and the microbes can be confined in the system regardless of the flow configuration, maintaining treatment efficiency The goal was to demonstrate TN removal that could be implemented in municipal WWTPs without significant interruption and renovation of existing facilities.
METHODS

Pilot system setup and operations
The bioplates were prepared by immobilizing activated sludge in cellulose triacetate as a carrier as originally described When 140 bioplates were installed in the reactor of working volume of 1.3 m 3 , the system contained an equivalent mixed liquor suspended solids (MLSS) concentration of 3,500 mg/ L at a packing ratio (PR; defined as total bioplate volume/ reactor liquid volume) of 6.5%. The bioplate-packed reactor was then loaded with activated sludge at MLSS of 1,500-2,500 mg/L for treatment trials.
The pilot reactor was sited at Nafu wastewater treatment plant in Taipei, Taiwan. Figure 
RESULTS AND DISCUSSION
Although Nafu WWTP received primarily domestic wastewater without industrial sources, the plant's primary effluent that fed the pilot aeration basin contained highly varied SCOD of 40-120 mg/L, NH 3 -N of 9-30 mg/L, and NO 2 -N/NO 3 -N of <1.5 mg/L during the project period of April-December 2013. The TKN and NH 3 -N concentrations were very close to each other (88-99%), suggesting inorganic ammonium nitrogen was predominant. Table 1 shows the When increasing presence of bioplates to a PR of 9.1% without supplemental carbon or alkalinity, the residual TN remained at about 11 ± 0.3 mg/L and the residual TKN at about 3.9 ± 0.5 mg/L (reduced from an influent TN of 25 ± 1.9 mg/L). COD removal was 72 ± 3.0% and TN removal was 57 ± 4.5% with 84 ± 2.7% nitrification. When supplemented with carbon or with both carbon and alkalinity, the effluent TN was reduced to 4.7 ± 1.5 and 3.6 ± 1.9 mg/ L, respectively. At the same time, the effluent TKN was reduced to 2.9 ± 1.2 mg/L, indicating excellent nitrification performance. The results show that increasing the PR of bioplates has not led to proportionally increased TN removal.
Further increasing bioplate PR to 11.4% did not result in TN removal beyond those with PR of 6.5 and 9.1%. Without supplemental carbon or alkalinity, the effluent TN was 8.5 ± In view of performance with PR of 6.5, 9.1, and 11.4% and potential cost implication, experiments deploying bioplates at PR of 3.2% were studied in detail. The aeration basin with bioplates at PR of 3.2% removed 74 ± 6.7% of COD, 96 ± 2.1% of TKN, and 74 ± 1.3% of TN without supplemental carbon or alkalinity. From an influent TN of 28 ± 0.5 mg/L, the effluent TN was lowered to 7.3 ± 0.3 mg/L, including 1.1 ± 0.5 mg/L Specific TN removals are shown in Table 3 for PR of 3.2, 6.5, 9.1, and 11.4%. The specific TN removal for PR of 3.2% was offers several advantages such as high nitrogen removal rates at low-operational costs and smaller carbon footprint than conventional nutrient removal plants, the application of ANAMMOX has been limited by its long start-up period due to the very low growth rate of ANAMMOX bacteria and its incompatibility with an aerobic system (Kuenen ). While the high specific TN removal rate of ANAMMOX at >1 kg TN/m 3 /d much exceeded that of the bioplate system of this study at 0.083 ± 0.004 kg TN/m 3 /d, the ANAMMOX system is a separate system with its own operation requirements and it does not provide complete COD removal. The present bioplate system is readily retrofitted to existing aeration basins for concurrent removal of organic carbon and nitrogen, and is particularly suitable for aerobic conditions. Unlike systems with entrapped biomass that seemed structurally fragile, the present system using cellulose triacetate as support provided a strong structure that lasted over several years of experimental use.
CONCLUSIONS
This pilot study showed that incorporating bioplates of 
